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Multiple chromosomal rearrangements in a hybrid zone 
between Littorina saxatilis ecotypes





































ing	of	 inversions	make	 it	 difficult	 to	 assess	 their	 prevalence	 and	biological	 impor‐
















The	potential	 roles	of	 chromosomal	 rearrangements	 in	 adaptation	
and	speciation	have	been	investigated	almost	since	their	discovery,	
approximately	a	century	ago	(Dobzhansky,	1970;	Sturtevant,	1926,	





When	 speciation	 requires	 the	 build‐up	 of	 associations	 among	
traits	 involved	 in	 reproductive	 isolation	 in	 the	 face	 of	 gene	 flow,	
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genetic	architectures	that	suppress	recombination	between	loci	in‐
volved	 in	 these	 traits	 are	 likely	 to	evolve	 (Smadja	&	Butlin,	2011).	
This	 is	 the	case	 for	 chromosomal	 rearrangements,	 including	 inver‐
sions,	translocations	and	fusions/fissions.	Here,	we	focus	on	inver‐
sions	 where	 effective	 recombination	 is	 severely	 reduced	 or	 even	
completely	suppressed	in	heterozygotes	for	two	arrangements	(i.e.,	











cumulation	 of	 additional	 reproductive	 barriers	 (e.g.,	 by	 reinforce‐
ment)	 (Noor,	Grams,	 Bertucci,	&	Reiland,	 2001)	 and	 (c)	 protecting	
favourable	combinations	of	 locally	adapted	alleles	from	being	 lost,	
including	 stochastic	 loss	 (Kirkpatrick	 &	 Barton,	 2006;	 Rafajlovic,	
Emanuelsson,	Johannesson,	Butlin,	&	Mehlig,	2016)	or	maintaining	
combinations	of	alleles	that	contribute	to	different	barriers,	includ‐







although	 for	 historical	 reasons	much	 of	 the	 evidence	 concerning	
the	evolutionary	genetics	of	inversions	still	comes	from	one	genus;	














to	 taxa	 where	 high‐resolution	 chromosome	 preparations	 can	 be	
obtained,	or	from	genome	scans	for	differentiation.
Hybrid	 zones	 offer	 a	 singular	 setting	 for	 investigating	 the	 ge‐
nomic	 regions	 involved	 in	 reproductive	 isolation	 between	 natural	
populations	 (Barton	 &	 Hewitt,	 1985;	 Harrison,	 1993;	 Harrison	 &	
Larson,	 2016).	 Classic	 hybrid	 zone	 theory	 predicts	 that	 alleles	 at	
loci	 under	 divergent	 selection	 or	 loci	 involved	 in	 incompatibilities	
introgress	 less	 compared	 with	 other	 markers	 (Barton	 &	 Hewitt,	













suggests	 that	 hybrid	 zone	 studies	 can	 provide	 useful	 information	
about	the	presence	of	chromosomal	rearrangements	and	their	role	
in	adaptation	and	speciation.





zone,	 but	 linkage	disequilibrium	 (LD)	 is	 continuously	 generated	by	
dispersal	(Barton	&	Hewitt,	1985).	Inverted	regions	with	suppressed	


















and	 the	origins	of	 reproductive	 isolation.	The	presence	of	 locally	
adapted	 distinct	 ecotypes	 in	 the	 intertidal	 has	 been	 investigated	
in	several	gastropod	species	(Nucella lapillus,	Littorina saxatilis and 
L. fabalis;	Johannesson	et	al.,	2010;	Reimchen,	1981;	Rolán‐Alvarez,	
Austin,	&	Boulding,	 2015;	 Rolán,	Guerra‐Varela,	 Colson,	Hudges,	
&	 Rolán‐Alvarez,	 2004;	 Rolán	 &	 Templado,	 1987;	 Tatarenkov	 &	
Johannesson,	1998),	and	also	suggested	in	L. arcana,	L. compressa,	
L. striata and Melarhaphe neritoides	 (Garcia,	Pérez	Diz,	Sá‐Pinto,	&	
Rolán‐Alvarez,	2013;	Reid,	1996).	Among	these	species,	the	rough	
periwinkle	 (Littorina saxatilis)	 comprises	 one	 of	 the	 best‐charac‐
terized	 examples	of	 parallel	 evolution	of	 two	divergent	 ecotypes	













Sequencing	 approaches	 targeting	 loci	 putatively	 influenced	 by	
divergent	 selection	 (i.e.,	 outliers;	 Galindo,	 Grahame,	 &	 Butlin,	 2010;	
Ravinet	et	al.,	2016;	Westram	et	al.,	2014)	suggest	a	partly	shared	ge‐



















with	steep	clines,	at	many	of	 these	 loci	 led	Westram	et	al.	 (2018)	 to	
suggest	a	component	of	balancing	selection,	rather	than	purely	diver‐
gent	selection.	 Interestingly,	balancing	selection	has	 frequently	been	
documented	 for	 inversion	 polymorphisms	 (e.g.,	 Butlin	 &	 Day,	 1985;	
Dobzhansky,	1950;	reviewed	by	Wellenreuther	&	Bernatchez,	2018).
Using	 cytogenetic	 techniques,	 the	 karyotype	of	L. saxatilis	 has	
been	established,	with	a	haploid	number	of	17	chromosomes	that	
appears	to	be	conserved	among	ecotypes	and	closely	related	spe‐
cies	 (Birstein	 &	 Mikhailova,	 1990;	 Janson,	 1983;	 Rolán‐Alvarez,	
Buño,	 &	 Gosalvez,	 1996).	 However,	 the	 poor	 resolution	 of	 these	



















spanned	 an	 environmental	 gradient	 from	 a	 boulder	 field	 to	 a	 cliff	
area,	 the	 typical	habitats	of	 the	Crab	and	Wave	ecotypes,	 respec‐
tively	(Figure	1a,b).	After	DNA	extraction	from	373	individuals	using	
a	CTAB	protocol	(Panova	et	al.,	2016),	a	targeted‐capture	sequenc‐





set	of	44,251	variants	was	 later	used	 in	 the	 linkage	disequilibrium	
and	principal	component	analyses.	Individuals	with	more	than	50%	
of	missing	data	were	removed.
In	 addition,	 we	 made	 use	 of	 two	 other	 key	 resources	 from	
Westram	et	al.	(2018):	(a)	a	reference	genome	generated	for	a	Crab	
individual	 (388,619	 scaffolds/contigs,	N50	 scaffolds	 of	 40,374	bp,	
NG50	of	55,450	bp),	and	(b)	a	linkage	map	for	one	full‐sib	Crab	fam‐
ily	 (186	offspring)	generated	with	Lep‐Map2	 (Rastas,	Calboli,	Guo,	
Shikano,	 &	 Merilä,	 2016),	 based	 on	 the	 same	 capture	 approach	




for	 L. saxatilis	 (Birstein	 &	 Mikhailova,	 1990;	 Janson,	 1983;	 Rolán‐
Alvarez	et	al.,	1996).
2.2 | Genotyping of Wave families
In	 order	 to	 infer	 recombination	 in	 the	 Wave	 ecotype,	 juvenile	
virgin	 females	 were	 collected	 from	 a	 wave‐exposed	 habitat	 at	
Ängklåvebukten	(north	end)	and	kept	in	separate	aquaria	with	run‐
ning	seawater.	At	the	time	of	female	maturity	(9	months	later),	adult	
males	were	 collected	 from	 the	 same	 area	 and	paired	with	 the	 fe‐
males.	Crosses	resulted	in	four	full‐sib	families	(8,	21,	12	and	11	off‐
spring).	Although	a	different	female	was	used	in	each	cross,	the	first	
three	 families	 shared	 the	 same	 father.	 Genotyping	 of	 one	 female	
parent	failed	so	that	only	three	families	were	available	for	analysis	of	
female‐informative	markers.
Targeted	 resequencing	 was	 performed	 using	 the	 same	 tar‐
geted‐capture	 sequencing	 approach	 but	 using	 about	 half	 of	
the	 probe	 set	 used	 in	Westram	 et	 al.	 (2018).	We	 preferentially	
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retained	 informative	 probes	 and	 avoided	 probes	 close	 together	
within	contigs.	In	total,	25,000	(120	bp)	enrichment	probes	were	
used.	Following	Lemmon,	Emme,	and	Lemmon	(2012),	indexed	li‐
braries	 were	 prepared	 for	 58	 individuals	 (52	 offspring,	 4	 moth‐
ers	and	2	fathers)	from	genomic	DNA	on	a	Beckman	Coulter	FXp	
liquid‐handling	 robot,	 and	 enriched	 using	 an	 Agilent	 SureSelect	
enrichment	kit	at	Florida	State	University's	Center	 for	Anchored	
Phylogenomics	 (www.anchoredphylogeny.com).	 Following	 qPCR	
















io/picard/),	 before	 SNP	 calling,	 which	 was	 performed	 using	 gatk 
unifiedgenotyper	 v3.7‐0	 (DePristo	 et	 al.,	 2011)	with	 default	 param‐
eters	and	a	minimum	base	quality	filter	of	20.	The	SNP	calling	was	
















We	 analysed	 patterns	 of	 disequilibrium	 among	 SNPs	 in	 order	
to	 detect	 clusters	 of	 loci	with	 unusually	 high	 LD	 that	might	 be	
generated	by	chromosomal	rearrangements.	A	matrix	of	pairwise	
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LD	 (r2)	 between	 all	 SNPs	within	 each	 linkage	 group	was	 gener‐
ated	for	all	individuals	in	the	transect	sample	with	the	r	package	
“genetics”	 (Warnes,	 Gorjanc,	 Leisch,	 &	 Man,	 2013).	 This	 matrix	
was	then	used	to	detect	clusters	of	SNPs	in	high	LD	(i.e.,	outlier	
clusters	 relative	 to	other	LD	clusters	within	each	 linkage	group)	
using	the	r	package	“ldna”—linkage	disequilibrium	network	analy‐
sis	(Kemppainen	et	al.,	2015).	Two	key	parameters	can	be	set	by	




between	 a	 pair	 of	 SNPs	 if	 their	 LD	 value	 exceeds	 a	 threshold),	
and	 indirectly	 controls	 the	 minimum	 number	 of	 SNPs	 within	 a	
cluster.	 Parameter	φ	 controls	 the	minimum	 LD	 threshold	 above	
which	 the	 median	 pairwise	 LD	 within	 a	 cluster	 is	 higher	 than	
the	 	intercluster	 LD	 for	 the	 group	 of	 SNPs	 to	 be	 considered	 an	
OC.	 After	 several	 test	 runs,	 we	 set	 |E|min	=	30,	 representing	 a	
compromise	 between	 detecting	 clusters	 large	 enough	 to	 repre‐
sent	chromosomal	rearrangements	and	avoiding	noise	created	by	




of	 φ,	 we	 first	 registered	 all	 identified	 clusters	 with	 at	 least	 32	
SNPs	setting	φ	=	0	and	then	increased	the	value	of	φ by 1 in each 
iteration	until	no	more	LD	clusters	were	obtained	within	a	linkage	
group.	Given	that	chromosomal	rearrangements	are	expected	to	
generate	 strong	 LD,	 clusters	with	 a	 low	median	 intracluster	 LD	
(r2	<	0.3)	 were	 also	 discarded.	 Whenever	 clusters	 obtained	 for	











linkage	group	 (LGCs)	and	 their	 sizes	 (the	map	distance	between	




ldna	 can	detect	 clusters	 of	 loci	 that	 are	 in	 LD	 for	 various	different	
reasons,	 primarily	 the	 effects	 of	 inversions	 (or	 other	 chromosomal	
rearrangements)	 on	 recombination,	 spatial	 population	 structure,	 or	
structure	 generated	 by	 local	 adaptation.	 Kemppainen	 et	 al.	 (2015)	
suggest	that	LD	clusters	due	to	inversion	polymorphism	can	be	identi‐
fied	because	the	SNPs	 involved	are	genomically	clustered	and	they	
identify	 groups	 of	 genetically	 distinct	 individuals	 that	 correspond	
to	different	karyotypes.	Within	an	 inversion	segregating	 in	a	popu‐
lation,	we	expect	 that	 suppressed	 recombination	between	arrange‐
ments	will	result	in	the	presence	of	three	distinct	groups	of	individuals	
(homokaryotypes	for	the	reference	arrangement,	heterokaryotypes,	
and	 homokaryotypes	 for	 the	 alternative,	 inverted	 arrangement).	
Allele	frequencies	at	many	SNP	loci	are	expected	to	differ	between	
arrangements	because	of	their	partly	independent	evolution.
Kemppainen	 et	 al.	 (2015)	 illustrated	 how	 the	 different	 geno‐
typic	 groups	 could	 be	 separated	 in	 principal	 component	 analysis	
of	SNPs	within	an	LD	cluster,	generating	a	characteristic	pattern	in	
which	the	group	of	heterokaryotype	 individuals	falls	between	two	
groups	of	 homokaryotypes	on	PC1,	 because	of	 their	 intermediate	
allelic	content.	Note	that	if	three	alternative	chromosomal	arrange‐
ments	are	present	 in	the	same	genomic	region,	there	will	be	three	













ping	 coordinates,	 suggesting	 two	 putative	 rearrangements	 and	 so	
the	 possibility	 of	 three	 haplotypes.	 Since	 different	 groups	 can	 be	
obtained	in	different	runs,	each	data	set	was	analysed	10	times	and	
we	kept	the	run	with	the	highest	proportion	of	the	sum	of	squares	
between	 clusters	 over	 the	 total.	A	 single	 exception	was	observed	
for	a	SOC	in	linkage	group	LG14,	where	no	resulting	group	reflected	
the	observed	structure	in	the	data;	in	this	case,	groups	were	defined	
manually	based	on	the	position	of	 individuals	 in	the	PCA	plot	 (see	










If	 the	 groups	 detected	 in	 the	 PCA	 represent	 homo‐	 and	 heter‐
okaryotypic	individuals	for	polymorphic	inversions,	then	we	expect	
the	central	 group	 (heterokaryotypes)	 to	have	high	heterozygosity	
relative	to	the	more	extreme	groups	(homokaryotypes)	on	PC1	(and	
PC2	where	there	are	6	groups)	and	relative	to	collinear	regions	of	











estimated	 for	 each	group	 identified	by	 the	PCA	 (the	homokaryo‐
types	 for	 each	 candidate	 inversion	 arrangement	 and	 heterokar‐
yotypes)	 using	 the	 “dfgenin”	 function	of	 the	 r	 package	 “adegenet”	

















SNP	and	 then	 averaged	 across	 all	 sites	within	 the	 length	of	 each	





where nx and ny are	 the	numbers	of	 the	 two	homokaryotypes,	
N = nx + ny,	 and	 πx and πy	 are	 nucleotide	 diversities	 for	 the	 two	









effects	 on	 patterns	 of	 recombination	 (in	 our	 case,	 the	 realised	






et	al.	 (2018)	and	we	also	compared	recombination	events	 in	 four	









Moreover,	 apparent	 recombination	 events	 involving	 only	 single	
SNPs,	or	multiple	consecutive	SNPs	within	the	same	contig,	were	
removed	because	genotyping	errors	cannot	be	excluded	 in	 these	
cases.	 Thus,	 the	 number	 of	 recombination	 events	 in	 our	 data	 is	
conservative,	regardless	of	the	region	(inverted	or	not)	where	they	
were	detected.
We	 considered	 only	 male‐informative	 or	 female‐informa‐
tive	markers	(not	those	heterozygous	in	both	parents).	For	each	
parent	 separately,	 we	 then	 manually	 determined	 the	 parental	
haplotypes	 using	 informative	 SNPs	 and	 identified	 recombina‐
tion	 events	 as	 positions	 where	 the	 haplotype	 switched	 in	 an	
offspring	individual	(Figure	2).	We	tested	the	expectation	of	sup‐
pressed	recombination	in	heterokaryotype	parents	by	counting	
recombination	 events	 and	 comparing	 to	 recombination	 events	
in	collinear	regions	and	in	homokaryotype	parents.	We	did	the	
haplotype	 switching	 analysis	 using	 the	 order	 of	 SNPs	 inferred	
from	the	Crab	family	 (reference	arrangement)	and	then,	where	
the	 parent	 was	 inferred	 to	 be	 an	 alternative	 homokaryotype,	
we	reversed	the	gene	order	 in	the	proposed	inverted	region	in	
order	 to	compare	 the	pattern	of	 recombination.	We	tested	 for	
patterns	of	recombination	that	were	more	likely	under	the	alter‐




bination	 within	 inversions	 where	 the	 Crab	 parents	 included	 a	
heterokaryotype	was	 inferred	 from	 long	map	distances	 in	 one	
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each	 inversion,	 based	on	 the	PCA	 clusters,	 changes	 in	 arrange‐
ment	frequency	across	the	transect	were	modelled	as	constant	or	
clinal.	Two	cline	models	 (a	 four‐parameter	sigmoid	cline,	 follow‐
ing	 equations	 in	 Derryberry,	 Derryberry,	 Maley,	 and	 Brumfield	
(2014),	 and	 a	 five‐parameter	 asymmetrical	 cline)	 were	 fitted	
















they	 shared	 the	 same	 centre	or	width.	 In	 this	 analysis,	 the	 sum	
























The	 implementation	 of	 the	 LD	 analyses	 followed	 by	 our	 filter‐
ing	 criteria	 resulted	 in	 the	 detection	 of	 17	 LD	 clusters	 of	 loci	
(SOCs)	 identified	as	 the	candidate	chromosomal	 rearrangements	






based	on	 the	Crab	 linkage	map)	and	 they	contained	between	32	
and	 263	 SNPs	 in	 relatively	 high	 LD	 (from	 median	 r2 =	0.377	 to	
r2 =	0.985)	 distributed	 over	 15–99	 different	 contigs	 (Figure	 3,	











The	PCAs	 for	most	 LD	 clusters	 revealed	 that	 individuals	were	
aggregated	 into	 three	 genotypic	 groups	 (mainly	 on	 the	 first	 com‐
ponent)	with	intermediate	genotypes	between	them	absent	or	rare	
(Figures	 4	 and	 5,	 Supporting	 Information	 Figure	 S1).	 This	 pattern	
suggests	 the	presence	of	 the	 two	alternative	homokaryotypes	 for	
a	 given	 rearrangement,	 with	 the	 heterokaryotypes	 in	 the	 middle,	
without	 recombination	 between	 the	 three	 genotypic	 groups.	 The	
rare	 exceptions	 (LGC4.1,	 LGC6.1,	 LGC7.2	 and	 LGC12.2;	 Figure	 5	
and	Supporting	Information	Figure	S1)	comprised	some	individuals	
with	intermediate	positions	between	homo‐	and	heterokaryotypes,	
compatible	 with	 gene	 conversion	 or	 double	 crossovers	 that	 are	
known	to	occur	in	inversion	heterokaryotypes	(Stevison	et	al.,	2011).	
Additionally,	 six	groups	of	genotypes	were	observed	 in	 the	 region	
spanned	by	two	LGCs	(6.2	and	14.2),	compatible	with	the	presence	
of	three	homokaryotypes	and	three	heterokaryotypes	without	ob‐




In	 contrast,	 the	 collinear	 regions	 of	 the	 LGs	 containing	 LD	
clusters	 did	 not	 reveal	 obvious	 genotypic	 groups	 (Supporting	
Information	 Figure	 S1,	 right	 panels).	 Two	 exceptions	 were	 LG10,	
where	three	distinct	groups	were	observed	but	the	PC1	explained	
only	6.6%	of	variance;	and	LG12	where	the	number	of	groups	and	










The	 sizes	 of	 the	 LD	 clusters	 in	 terms	of	map	distance	 in	 the	
Crab	linkage	map	(Table	1)	were	often	large	(11	LD	clusters	>5	cM)	
but	were	not	 significantly	correlated	with	either	 the	numbers	of	
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SNPs	 (r	=	−0.31)	 or	 the	 numbers	 of	 contigs	 (r	=	0.40)	 that	 they	
contained.	This	was	presumably	because	the	parental	 individuals	
used	 in	 generating	 the	 Crab	map	 varied	 in	 karyotype	 such	 that	





We	 compared	 heterozygosity	 (Hobs)	 between	 the	 PCA	 groups	 in	
order	 to	 confirm	 the	 expectation	 based	 on	 the	 interpretation	 of	
LD	 clusters	 as	 inversions.	Putative	heterokaryotypes	 (central	 PCA	
groups)	 were	 expected	 to	 have	 higher	 heterozygosity	 than	 puta‐
tive	 homokaryotypes.	 Heterokaryotypes	 were	 also	 expected	 to	





ception	was	observed	 for	 the	putative	 inversions	 located	 in	LG12,	
where	one	of	the	homokaryotypes	did	not	show	significant	differ‐
ences	 from	the	heterokaryotypes	 (Table	S1).	When	comparing	 the	







these	 results	 are	 consistent	 with	 expectations	 on	 the	 hypothesis	
that	LD	clusters	 represent	 inversions	with	the	central	PCA	groups	
corresponding	to	the	heterokaryotypes.
The	 comparison	 within	 the	 same	 LGs	 revealed	 that	 π	 was	
significantly	 different	 between	 the	 two	 homokaryotypes	 for	
different	arrangements	in	16	out	of	21	tests	after	Bonferroni	cor‐
rection	(17	LGCs	plus	additional	comparisons	for	those	with	three	
arrangements	present;	 Figures	4	 and	5,	 Supporting	 Information	
Figures	S4	and	S5,	Table	S2).	The	arrangement	with	 lower	π can 
be	inferred	to	be	the	derived	arrangement,	although	the	arrange‐



























LG1 LGC1.1 2.1 0 2.1 146 79 0.985 40
LG1 LGC1.2 5.42 75.53 80.95 34 22 0.970 28
LG2 LGC2.1 13.87 0.34 14.21 52 23 0.938 44
LG4 LGC4.1 0.48 1.03 1.51 145 67 0.947 33
LG6 LGC6.1a 29.30 0 29.30 135 54 0.397 47
LG6 LGC6.2b 20.57 8.73 29.30 100 35 0.613 42
LG7 LGC7.1 1.73 36.01 37.74 38 22 0.827 29
LG7 LGC7.2 9.29 42.08 51.37 32 15 0.79 22
LG9 LGC9.1 23.18 18.64 41.82 50 33 0.964 28
LG10 LGC10.1 2.54 0.58 3.12 76 41 0.938 25
LG11 LGC11.1 0.59 52.32 52.91 200 86 0.949 28
LG12 LGC12.1 26.31 3.32 29.63 37 21 0.442 14
LG12 LGC12.2 11.52 48.71 60.24 40 22 0.625 19
LG14 LGC14.1a 11.32 0.39 11.71 263 99 0.406 35
LG14 LGC14.2b 2.90 8.81 11.71 91 52 0.939 38
LG14 LGC14.3b 23.23 11.71 34.94 43 18 0.377 15
LG17 LGC17.1 15.33 46.99 62.32 81 35 0.91 50
aVariance	explained	by	the	PCA	is	relative	to	the	first	part	of	the	LGC	(nonoverlapping	with	other	LGCs	within	the	same	LG).	bLD	cluster	identified	by	
PC1	and	PC2,	with	the	latter	explaining	17%,	16%	and	6%	of	the	variance	for	LGC6.2,	LGC14.2	and	LGC14.3,	respectively.	































zygous	 for	 the	 reference	 arrangement	 (RR,	 as	 in	 the	Crab	map),	 78	
recombination	events	were	detected	within	the	region	encompassed	
by	 the	 candidate	 inversions.	 With	 more	 informative	 markers	 avail‐
able,	173	events	were	detected	in	the	collinear	regions	of	these	same	
offspring–parent	 pairs	 (Table	 2,	 Table	 S4).	 Thus,	 recombination	was	
suppressed	only	in	heterokaryotypes,	as	expected.	Finally,	67	recom‐
bination	events	were	observed	within	the	regions	encompassed	by	the	




Since	 single	 crossovers	 are	 expected	 to	 be	much	more	 frequent	
than	double	crossovers	or	gene	conversion,	we	classified	the	offspring	























events	at	 the	boundaries	of	LGCs	 that	could	not	be	 resolved	by	a	




LG	 cluster	 across	 the	 transect	 were	 highly	 variable.	 Some	 LGCs	
had	 homokaryotypes	 that	 were	 present	 only	 or	 mainly	 in	 one	 of	
the	 ecotype‐specific	 habitats	 (e.g.,	 LGC6.1)	 while	 others	 had	 one	
homokaryotype	 that	 was	 found	 mainly	 in	 the	 central	 part	 of	 the	
transect	(e.g.,	LGC11.1)	or	both	homokaryotypes	present	across	the	















the	arrangements	 fixed	 in	both	 transect	ends	was	as	good	a	 fit	 as	 a	
cline	with	unconstrained	end	frequencies,	suggesting	strong	divergent	
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polymorphic	 in	both	 transect	ends	 (Supporting	 Information	Table	S5,	
Figure	6).
4  | DISCUSSION
Early	 work	 emphasized	 the	 impact	 of	 chromosomal	 inversions	 on	
adaptation	 and	 speciation	 (Dobzhansky,	 1970;	 Sturtevant,	 1926,	
1938)	 but,	 subsequently,	 structural	 rearrangements	 received	 less	
attention,	despite	some	prominent	exceptions	(e.g.,	Balanyà,	Huey,	
Gilchrist,	&	 Serra,	 2009;	Coluzzi,	 Sabatini,	 della	 Torre,	Di	Deco,	&	
Petrarca,	 2002).	 More	 recently,	 inversions	 have	 been	 detected	
in	 many	 systems	 (Wellenreuther	 &	 Bernatchez,	 2018),	 prompt‐
ing	 renewed	 interest	 in	 the	 role	 they	 play	 in	 local	 adaptation	 and	















The	 linkage‐disequilibrium‐based	 approach	 we	 implemented	
here,	using	data	gathered	from	a	hybrid	zone	between	two	Littorina 
saxatilis	ecotypes,	allowed	us	not	only	to	detect	rearrangements	de	
novo	but	 also	 to	 infer	 their	 frequencies	 and	putative	 contribution	
to	 ecotype	 divergence.	 This	 not	 only	 circumvented	 the	 need	 for	
subsequent	genotyping	to	estimate	karyotype	frequencies	but	also	
contributed	 to	 reducing	 the	 number	 of	 candidate	 rearrangements	
for	further	validation	because	attention	could	be	focused	on	those	
with	strong	clinal	patterns.	Providing	that	linkage	maps	(recombina‐
tion	 information)	 or	 high‐quality	 reference	 genomes	 are	 available,	
the	candidate	rearrangements	detected	by	their	LD	signatures	can	
be	confirmed	and	their	type	(e.g.,	 inversions	or	translocations)	can	
also	 be	 identified.	Detection	 of	 rearrangements	 using	 information	
from	LD	between	markers,	complemented	by	PCA	and	genetic	di‐














correspond	 to	 LD	 blocks	 reported	 by	Westram	 et	 al.	 (2018).	 This	
number	is	dependent	on	the	parameter	values	chosen	in	the	initial	
LDna	and	PCA	and	may	be	an	underestimate	because	we	aimed	to	
set	 conservative	 thresholds.	 All	 candidates,	 except	 three	 (LGC7.2,	








Studying	other	 localities	 across	 the	wide	geographic	 and	envi‐
ronmental	 range	 occupied	 by	 this	 species	may	well	 reveal	 further	





The	 number	 of	 inversions	 detected	 in	 L. saxatilis	 is	 high	when	
compared	with	other	systems	(Wellenreuther	&	Bernatchez,	2018),	
likely	at	least	partly	due	to	the	use	of	different	methodology.	If	in‐
versions	 cause	 a	 fitness	 cost	 on	 heterokaryotype	 individuals	 due	
to	 the	 generation	 of	 unbalanced	 gametes	 when	 single	 crossovers	
occur	within	 inversions,	 then	this	 large	number	of	polymorphic	 in‐
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of	 the	 regions	 influenced	by	 the	 rearrangements	 and	 some	of	 the	
SNPs	at	the	ends	of	an	LD	cluster	may	actually	be	outside,	although	
close	to	the	rearrangements’	breakpoints.	Nevertheless,	assessment	
of	 the	 genotypic	 information	 from	 the	Wave	 families	 allowed	 us	
to	verify	that	the	 inferred	boundaries	were	compatible	with	 inver‐
sions	 (changes	 in	orientation	within	 the	same	chromosome)	 rather	
than	with	the	exchange	of	genetic	material	between	chromosomes	
through	translocations.
The	 levels	of	observed	heterozygosity	 further	 supported	 the	
inversion	status	of	the	LD	clusters.	The	middle	groups	 identified	
in	 the	 PCA	 presented	 higher	Hobs	within	 each	 of	 the	 LD	 cluster	
regions	than	the	other	two	groups,	as	expected	for	heterozygotes	
for	 the	 inversions	 relative	 to	 the	 homokaryotypes.	 For	most	 LD	













due	 to	 double	 recombination	 and	 gene	 conversion.	 It	 would	 be	






ranged	regions	 (Figure	S1).	The	rare	exceptions	could	 result	 from	
gene	conversion	or	double	crossovers,	which	are	known	to	occur	





inspection	 of	 their	 genotypes	 for	 informative	 markers	 supports	
both	 explanations	 (not	 shown).	 Nevertheless,	 the	 recombination	
information	gathered	from	the	Wave	families	showed	recombina‐
tion	to	be	absent	(or	rare)	within	the	candidate	inverted	regions	for	
the	 heterokaryotype	 parents.	 This,	 together	 with	 recombination	
patterns,	 is	 consistent	with	a	 reversed	gene	order	 relative	 to	 the	
Crab	map	and	provides	independent	support	that	these	candidate	




play	 a	major	 role	 in	 shaping	 the	 recombination	 landscape	 in	 this	
system.
Given	that	many	inversions	are	segregating	in	this	population,	
an	 important	question	 is	whether	 they	contribute	 to	 local	 adap‐
tation.	 Are	 these	 inversions	 influenced	 by	 divergent	 selection?	
Westram	et	al.	(2018)	estimated	that	the	majority	of	outlier	SNPs	
were	 clustered	 in	 regions	 that	 overlap	 with	 the	 inversions	 that	
we	detected	in	LG6,	14	and	17.	Our	cline‐fitting	analysis	of	most	
inversions	 revealed	 that	 their	 frequencies	 change	 clinally	 across	
the	 transect,	with	 varying	width	 and	 position.	However,	 simula‐
tions	of	 this	 system	by	Westram	et	 al.	 (2018)	 show	 that	 a	 clinal	
pattern	 can	 appear	 for	 neutral	 loci	 due	 to	 isolation	 by	 distance	
and	a	genome‐wide	barrier	effect	close	to	the	habitat	transition.	
Therefore,	 significant	 cline	 fits	 are	not,	 in	 themselves,	good	evi‐
dence	for	divergent	selection.
The	majority	 of	 arrangements	 remain	 polymorphic	 at	 one	 or	
both	 of	 the	 transect	 ends:	 a	 pattern	 that	 is	 inconsistent	 with	 a	
simple	model	 of	 direct	 divergent	 selection	 generating	 the	 steep	
clines	 in	 inversion	 frequencies	 that	we	 observe.	 Given	 the	 esti‐
mated	cline	centres	and	widths,	a	gene	flow–divergent	selection	
balance	 alone	 predicts	 arrangement	 frequencies	 within	 1%	 of	
fixation	at	 the	ends	of	our	 transect	 for	 all	 clinal	 inversions.	This	
prediction	 is	 independent	 of	 the	 value	 of	 dispersal	 because	 the	
greater	 the	dispersal,	 the	 stronger	 the	 selection	 that	 is	 required	
to	explain	the	observed	cline	width.	Most	observed	clines	had	at	
least	 one	 end	 frequency	 far	 from	 this	 expectation.	Westram	 et	
al.	 (2018)	 found	 the	 same	pattern	 for	SNPs	and	considered	 sev‐
eral	 possible	 explanations:	 weak	 indirect	 divergent	 selection	 on	
neutral	 loci	 linked	 to	 selected	 loci,	 selection	 on	 polygenic	 traits	
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or	a	combination	of	divergent	and	balancing	selection	that	shapes	
the	 allele	 or	 arrangement	 frequencies,	 maintaining	 polymor‐
phism	 in	 one	 or	 both	 habitat	 ends	 but	 with	 different	 equilibria.	
Observations	 from	multiple	 systems	have	 shown	 that	 inversions	
are	often	under	the	influence	of	balancing	selection,	which	facil‐




in	 equilibrium	 frequencies	 between	 localities	 for	 inversions	 in	
D. pseudoobscura.	Consequently,	we	suggest	that	a	combination	of	
balancing	and	divergent	selection	(within	and	between	ecotypes,	




selection	might	be	possible,	 for	example,	using	 field	 transplants,	
but	for	arrangements	on	LG6,	14	and	17	there	is	already	good	ev‐
idence	for	a	component	of	divergent	selection	from	the	analyses	






spatially	 variable	 selection)	 and,	 if	 heterosis	 is	 observed,	 to	 un‐
derstand	how	 it	 is	generated	 (e.g.,	associative	overdominance	or	
coadaptation;	Butlin	&	Day,	1985;	Kirkpatrick,	2010).	Further	work	
is	needed	to	test	the	hypothesis	of	a	combination	of	balancing	and	

















et	 al.,	 2010;	Morjan	&	Rieseberg,	 2004).	 In	 these	ways,	 inversions	
could	help	to	explain	the	pattern	of	sharing	of	 loci	putatively	 influ‐









SNPs	 identified	by	Westram	et	al.	 (2018)	are	 located	within	 inver‐
sions,	it	is	unlikely	that	they	are	all	under	direct	selection.	Genome	
annotation	for	L. saxatilis	(M.	Panova	and	T.	Larsson,	personal	com‐
munication)	 will	 allow	 the	 identification	 of	 candidate	 genes	 and	
functions	that	may	play	a	role	in	adaptation	and	ecotype	divergence.	
Association	mapping	 in	 this	hybrid	 zone	has	already	 revealed	 that	
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